TiNi-based shape memory alloys (SMAs) attract a lot of attention from engineering and biomedical fields because of their superior functional properties, such as their unique shape memory effect, superelasticity, and excellent biocompatibility. Most of the unique properties result from martensitic transformation, which can be thermally induced or stress induced. In recent years, with the development of understanding of martensitic transformation, significant progress has been made and several novel TiNi-based SMAs have been developed, including alloys with slim hysteresis and stable functional properties and high-temperature SMAs with extremely large recovery strain and stress. In this work, the most recent developments in TiNi-based SMAs are presented in terms of a strategy to develop high-performance alloys with particular microstructures, alloying effects, and functional properties.
Introduction
In recent decades, shape memory alloys (SMAs) have attracted attention because of their combined functional properties of actuating and sensing, associated with the shape memory effect (SME), and their superelasticity. The unique SME and superelasticity realized in SMAs result from a thermoelastic martensitic transformation and its reverse transformation. The SME is a phenomenon in which a sample is deformed in a low-temperature phase (martensite) and subsequently regains its original shape upon heating above a certain temperature by the reverse martensitic transformation. [1] [2] [3] [4] Superelasticity, another important property of SMAs, occurs at a high-temperature range (in the parent phase). After the sample undergoes a nonlinear deformation, it can completely recover upon unloading because of the reverse stress-induced martensitic transformation. [4] Among SMAs, TiNi-based SMAs are the most commercially successful materials because of their excellent functional properties (SME, superelasticity), corrosion resistance, and biocompatibility with the human body. As a result, various engineering and biomedical applications of TiNi alloys have been developed, such as couplings, actuators, orthodontic arches, stents, and bendable surgical tools. Very recently, TiNi-based SMAs have also been regarded as promising candidates for solid-state cooling applications because of the large elastocaloric effect originating from the stress-induced martensitic transformation. [5] The adiabatic temperature change of TiNi-based SMAs can reach up to 10-30 C. [6] [7] [8] From a practical application point of view, two key problems hinder the further applications of TiNi-based SMAs. One is functional fatigue and the other is the relatively low transformation temperature (TT). In recent years, some important progress has been achieved in TiNi-based SMAs to overcome these issues.
In most cases, TiNi-based SMAs have to be exposed to thermal/stress cyclic conditions. Functional fatigue, also termed the cyclic instability of functional properties, which describes the degradation behavior of martensitic transformation, the SME, and superelasticity, inevitably occurs during these cyclic conditions. [9] For TiNi alloys, the characteristic temperatures of martensitic transformation usually decrease with increasing thermal cycle number because of the introduction of dislocations, which compensate for the crystallographic compatibility between the martensite and parent phases. [10, 11] R-phase transformation and precipitation of the Ti 3 Ni 4 phase are even induced by such thermal cycling. [12] Deformation cycling also significantly influences superelastic behavior, as demonstrated by the change in the stress-strain curve. With increasing cycle number, the stress-strain curve of TiNi alloys is characterized by the following features: 1) reduced critical stress to induce martensitic transformation and stress hysteresis and 2) increased slope of the stress plateau and irreversible strain. [13] These results indicate that the functional fatigue of TiNi alloys is unsatisfactory and hinders their use in applications requiring precise control or longduration operation, for example, elastocaloric cooling or artificial heart valves. To improve functional fatigue, long-term efforts have been made to tailor the microstructure or composition, which has led to breakthroughs in theoretical grounding and experimental results. For example, a Ti 54 Ni 34 Cu 12 alloy thin film that can undergo 10 7 superelastic cycles without any degradation was developed under the guidance of cofactor conditions. [14] The related progress will be reviewed in the second part of this work.
The second significant progress in TiNi-based SMAs concerns high-temperature SMAs (HTSMAs). TiNi binary alloys usually show martensitic TTs below 100 C, which greatly limits their engineering applications in the aerospace, automobile, oil, and gas industries. Alloying is an effective method to increase the TTs of TiNi alloys. Two groups of TiNi-based HTSMAs have been developed: one is TiNiPd(Pt, Au) alloys with a substitution of Pd(Pt, Au) for Ni and the other is TiNiHf(Zr) alloys with a substitution of Hf(Zr) for Ti. The former group is characterized by high TTs, [15, 16] considerable shape recovery properties with a maximum strain of 5.3%, [17] and good workability. However, these alloys are costly because they contain numerous precious metals. In the latter group, the alloying of Hf is more effective for elevating TTs than that of Zr. [18] This has directly resulted in numerous investigations of TiNiHf-based HTSMAs. In this regard, several papers have reviewed the development of HTSMAs. [18] [19] [20] Recently, some important studies have been devoted to TiNiHf-based alloys, especially the effect of alloying on the microstructure and functional properties. Therefore, the third part of this work will focus on TiNiHf-based SMAs.
The significant development of TiNi-based SMAs provides opportunities to design them for valuable engineering and biomedical applications. Therefore, the purpose of this work is to review the state-of-the art development of TiNi-based SMAs. Emphasis is placed on TiNi-based alloys with slim hysteresis and stable functional properties and TiNiHf-based SMAs with high-temperature transformation.
TiNi-Based Alloys with Stable Functional Properties

Strategies to Develop SMAs with Slim Hysteresis and Stable Functional Properties
In principle, the stability of functional properties is closely related to the dislocations introduced during transformation cycling. [10, 11] With this mechanism in mind, several physical metallurgical methods were naturally proposed as early as the 1980s to suppress the generation and movement of dislocations, including aging of Ni-rich TiNi alloys, [10] dislocation strengthening by thermomechanical treatment, [10] and grain refinement. [11, 21] In recent years, in addition to the conventional cold working methods, severe plastic deformation methods, including high-pressure torsion (HPT) and equal channel angular pressing (ECAP), have been used to refine the microstructure of TiNi-based SMAs. [22, 23] Numerous experiments have shown that the functional properties can be improved to some extent by these methods. For example, after 50 cycles, the TTs of as-ECAP-processed Ti 49.2 Ni 50.8 alloy decrease by less than 2 C. [24] This value is much smaller than the typical one observed in the coarse-grained counterpart.
Aging of Ni-rich TiNi alloys is an effective method to strengthen the matrix through the precipitation of the Ti 3 Ni 4 phase.
For coarse-grained alloys, the distribution of the Ti 3 Ni 4 phase is not homogeneous between the grain interior and grain boundary. Wang et al. [25] proposed a new process primarily consisting of two steps: 1) introduction of a dislocation network by transformation cycle, serving as nucleation sites of the Ti 3 Ni 4 phase and 2) homogeneous precipitation of the Ti 3 Ni 4 phase by low-temperature aging. The irrecoverable strain of Ti 49.2 Ni 50.8 alloy processed by such a process was reduced to 0.5% after 20 cycles. [25] Another modified aging process was reported by Chen et al., in which precipitation and grain refinement strengthening were combined. [26] The solution-treated Ti 49.2 Ni 50.8 alloy was first aged at 500 C to obtain the fine and coherent Ti 3 Ni 4 phase, and then the aged alloy was cold rolled, followed by annealing at 400 C, to obtain a nanocrystalline microstructure. [26] The lattice defects originate from the incompatibility between the martensite and parent phases, which results in a stressed transition layer between the two phases during phase transformation and the creation of an energy barrier for hysteresis. [27] According to the crystallographic theory of martensite, James and coworkers developed cofactor conditions, which have proved to be successful in eliminating the transition layer and obtaining SMAs with slim hysteresis and stable transformation. [28] [29] [30] [31] The cofactor conditions, also called supercompatibility, include three parts: 1) λ 2 ¼ 1, where λ 2 is the middle eigenvalue of the transformation stretch matrix U of the martensitic transformation; 2), a ÂUcof(U 2 À1)n ¼ 0, where a and n are certain vectors from the twin system; and 3) trU 2 þ detU 2 À (1/4)|a| 2 |n| 2 ≥ 2 the inequality. [31] For the derivation and development of these conditions, please refer to the recent review by Gu et al. [32] Because these conditions are only dependent on the lattice parameters of phases, it is convenient to search for the target SMAs by tuning the composition. In this regard, a high-throughput approach based on the thin-film composition-spread technique has shown its effectiveness in validating the cofactor conditions and identifying the desired alloy. [27] To date, several SMA systems satisfying the cofactor conditions have shown stable transformation and slim hysteresis, including TiNiCu, [27] TiNiCuCo, [8, 14, 33] ZnAuCu, [30] TiNiPd, [34] NiMnSnCo, [35] NiMnInCu, [36] TiPdCr, [37] TiNiCuFePd, [38] and TiNiCuNb. [39] Two other methods have been reported to be effective for improving the crystallographic compatibility, in addition to tailoring the chemical composition. The first one was reported by Ahadi and Sun, [40] in which λ 2 approaches 1 with decreasing grain size of the Ti 49.1 Ni 50.9 alloy to nanoscale. When the grain size was reduced to 10 nm, the λ 2 was found to be 0.9943 during stress-induced martensitic transformation. [40] This is the first demonstration that the compatibility nearly satisfies the ideal condition for a TiNi binary alloy. However, Ahadi and Sun did not provide the full scenario of cofactor conditions and the cyclic stability of superelasticity. The second method is the introduction of an intermediate transformation in B2↔B19 0 transformation, [32] for example, R-phase or B2↔B19 transformation. Chen et al. reported that the crystallographic compatibility can be enhanced by B2↔B19↔B19 0 transformation through alloying of 1 at% Al in Ti 50 Ni 44 Cu 5 Al 1 alloy. [41] However, they did not provide any quantified evaluation of the compatibility.
Given that both tuning composition and reducing grain size can control λ 2 , it is natural to propose that a combination of the aforementioned methods can possibly further reduce the transformation hysteresis. However, it should be noted that when the grain size is reduced to below a critical size, the thermally induced martensitic transformation cannot overcome the resistance from the grain boundary and is totally suppressed. [42] Therefore, optimization of the microstructure should be given more attention. Considering that TiNiCu-based alloys satisfying the cofactor conditions usually have a Cu content of greater than 10 at% and are brittle, the combination of HPT and postdeformation annealing may be a feasible technique because of its ability to process brittle and nanostructured alloys.
Microstructure of Martensite
Both alloys satisfying the cofactor conditions and nanostructured alloys show distinct martensitic microstructures. With respect to the first case, several works have reported on the relationship between martensitic structure and λ 2 . [34, 43, 44] Figure 1 shows transmission electron microscopy (TEM) images of martensite of TiNiPd alloys with various Pd contents. [43] The values of λ 2 are also indicated. The value of λ 2 is shown to significantly influence the martensite morphology. For Ti 50 Ni 25 Pd 25 alloy, with a λ 2 of 1.0070, martensite variants with twinned laminates are well accommodated, which is the common case observed in most TiNi-based SMAs. The lattice-invariant shear was suggested to be the {111} type-I twin. For Ti 50 Ni 30 Pd 20 alloy with a λ 2 of 1.0050, as shown in Figure 1b , the martensite morphology is characterized by large laminates or twinless plates. Figure 1c shows the microstructure of Ti 50 Ni 39 Pd 11 alloy with a λ 2 of 1.0001. The typical mosaic morphology with twinless variants can minimize the interfacial energy. Similar twinless plates were also observed in Ti 50.5 Ni 33.5 Cu 11.5 Pd 4.5 alloy with a λ 2 of Figure 1 . a-c) Martensitic microstructure of different TiNiPd alloys showing different λ 2 values. d-f ) The selected area electron diffraction (SAED) patterns taken from the areas of A, B, and D, respectively. Reproduced with permission. [43] Copyright 2010, Taylor& Francis Group.
1.0014. [45] In addition to the {111} type-I twin, two other types of twins, including the {011} compound twin and <211> type-II twin, were discovered in the martensite of Ti 50 Ni 39 Pd 11 alloy. [43] It is generally accepted that the B19 0 martensite of coarsegrained TiNi alloys is characterized by a lamellar microstructure with internal twins, including the <011> type-II twin, {111} type-I twin, and (001) compound twin. [4] The former two twins can accommodate lattice-invariant shear, but the last one cannot compensate for the transformation strain during phase transformation, according to the crystallographic theory of martensitic transformation. [4] In the case of nanostructured TiNi alloys, the constraint of grain boundary inevitably influences the formation of martensite, provided that the typical twin widths of the former two twins are close to the grain size. Figure 2 shows the typical morphology of martensite observed in Ti 50.3 Ni 49.7 alloy with a grain size of 50 nm. [46] It was revealed that martensite is characterized by a single-variant morphology, which is significantly different from the typical structure observed in coarsegrained alloys. The single-variant morphology was previously reported in B19 martensite of coarse-grained Ti 50 Ni 25 Cu 25 ribbon. [47, 48] The martensite substructure is primarily the (001) compound twin, and the variants are also related to the same twinning system. This demonstrates that the (001) compound twins can also mutually compensate for their transformation strains in nanostructured TiNi alloys. More investigations have shown that this accommodation occurs on an atomic scale [46] and is energetically favored by the ultralow interfacial energy calculated from first-principles theory. [49] Waitz et al. also calculated the dependence of the energy barrier on grain size by the finite element method and established the relationship between the martensite morphology and grain size. [50] 
Transformation Hysteresis and Cyclic Stability
To date, TiNi-based alloys satisfying the cofactor conditions are primarily TiNiCu-based and TiNiPd(Pt,Au), which undergo B2↔B19 phase transformation upon cooling and heating. The phase transformation behavior of these alloys has been extensively investigated, with an emphasis on transformation hysteresis and cyclic stability. From a thermodynamic point of view, the transformation hysteresis is related to the dissipated energy during phase transformation. Previous reports have suggested that the dissipated energy may arise from the generation of lattice defects, [10] the frictional work dissipated as heat, [51] and the emission of acoustic waves. [52] Recently, it was suggested that the elastic energy of the transition layer and the interfacial energy of the twinned structure may play a dominant role in determining the transformation hysteresis. [27] For alloys satisfying the condition of λ 2 ¼ 1, both kinds of energy are eliminated. [43, 53] Therefore, these alloys are expected to show extremely slim hysteresis and stable transformation.
This expectation has been realized in many studies. Cui et al. experimentally reported the strong dependence of transformation hysteresis on the λ 2 of TiNiCu thin films. [27] Zhang et al. demonstrated the same dependence for TiNiX (X ¼ Cu, Pt, Pd, Au) bulk alloys. [29] Zarnetta et al. reported a TiNiCuPd alloy with near-zero hysteresis and ultrastable transformation during thermal cycling. [53] Table 1 summarizes the reported values of transformation hysteresis and the change in characteristic temperatures during thermal cycling. The results for Ti 50 Ni 50 , [53] Ti 29.7 Ni 50.3 Zr 20 , [54] and Ti 29.7 Ni 50.3 Hf 20 [54] alloys with λ 2 deviating from 1 are also shown for comparison. In general, these data from different groups are consistent with the fact that the hysteresis decreases with λ 2 approaching 1. When discussing the dependence of transformation hysteresis on λ 2 , the following should be clarified to avoid misunderstanding: 1) the TTs are dependent on the cooling/heating rate. The results reported by different groups may be obtained at different scanning rates, leading to difficulty in direct comparison. 2) The most often used DSC measurement conducted at a single scanning rate cannot provide the intrinsic hysteresis values because of the heat transfer. To overcome this inherent drawback, measurement of the temperature-dependent resistance is preferred. [27, 53] An alternative method is to first measure the TTs at different scanning rates by DSC, then obtain the hysteresis at zero rate by extrapolation of the hysteresis-scanning rate diagram. [45, 53] 3) At least three definitions of transformation hysteresis are adopted in the literature, including A p -M p , [8] [43] and A f -M s , [53] which should be unified, although the values determined by these definitions do not show a large difference. [55] Here, M s , M f , and M p are the start, finish, and peak temperatures of forward transformation, respectively; A s , A f , and A p are the start, finish, and peak temperatures of reverse transformation, respectively.
From Table 1 , the alloys with λ 2 values close to 1 show stable martensitic transformation, as expected. This is demonstrated by the negligible change in TTs after thermal cycling, as compared with that of Ti 50 Ni 50 alloy. The stable transformation was suggested to be related to the fact that only a few dislocations were introduced, as experimentally confirmed by www.advancedsciencenews.com www.aem-journal.com TEM observations of Ti 50.5 Ni 33.5 Cu 11.5 Pd 4.5 alloy after 5000 thermal cycles. [45] Figure 3 shows the TEM images of Ti 50.5 Ni 33.5 Cu 11.5 Pd 4.5 alloy after various numbers of thermal cycles. [45] The dislocation density of Ti 50.5 Ni 33.5 Cu 11.5 Pd 4.5 alloy after 5000 thermal cycles is even lower than that in TiNi alloy after five cycles. Further thermodynamic calculations showed that little additional irreversible energy is involved during thermal cycling. [45] The mechanism behind the aforementioned hypothesis is the almost perfect match between the martensite and parent phase as λ 2 approaches 1. Among the alloys shown in Table 1 , (Ti 54 Ni 34 Cu 12 ) 90 Nb 10 alloy is noteworthy because of the excellent cyclic stability, low cost, and good cold workability. [39] In particular, the good cold workability provides the opportunity to optimize the functional properties by tuning the microstructure, making the bulk alloy one of the candidates for long-term operation. Co, Fe, and Nb have been added to TiNiCu alloys to tailor the TTs. [8, 39] With increasing content of alloying element, the TTs decrease. Among the three elements, Fe shows the largest reduction in TT, at a rate of 42 C at% À1 , [8] and Nb shows the smallest one, at a rate of 2.5 C at% À1 . [39] The alloyings of Co and Fe do not affect the cyclic stability, [8] and the proper alloying of Nb enhances the cyclic stability of phase transformation. [39] 
Superelasticity and Shape Memory Properties
Several groups of TiNi-based alloys have been identified that show slim stress hysteresis or stable shape recovery behavior, including TiNiCu-based alloys with excellent crystallographic compatibility, nanostructured TiNi alloys, and TiNiCuAl alloys showing B2↔B19↔B19 0 transformation.
For the first group, the influence of crystallographic compatibility, grain size, and precipitate on the stress hysteresis and cyclic stability of superelasticity has been comprehensively investigated and well reviewed. [32] The crystallographic compatibility obviously influences not only the superelastic behavior, but also the shape memory behavior. Atli et al. reported that compared with TiNi alloy, TiNiPd alloy with λ 2 close to 1 exhibited less residual strain during thermomechanical cycling under an applied stress from 80 to 200 MPa. [56] This alloy, with excellent crystallographic compatibility, is also characterized Figure 3 . TEM bright field images of Ti 50.5 Ni 33.5 Cu 11.5 Pd 4.5 alloy after different thermal cycles, a) 0, b) 1000, and c) 5000. Reproduced with permission. [45] Copyright 2015, Elsevier. Figure 4 shows the stress-strain curves of nanostructured TiNi binary alloys with various grain sizes. [40] When the grain size decreased from 1500 to 10 nm, one of the most obvious changes in the stress-strain curve was the reduced stress hysteresis, as the stress hysteresis loop area decreased from 6.87 to 0.45 MPa. [40] This implies that the reduction of grain size is beneficial for obtaining alloys with slim stress hysteresis. However, this reduction may deteriorate the fatigue life as a result of the overlarge volume fraction of grain boundaries, which requires further investigation. The slim stress hysteresis in nanostructured TiNi alloys results from the core-shell structure, which causes the first-order transformation usually occurring in the coarse-grained alloy to change to a continuous one. [40, 58] This hypothesis is also supported by molecular dynamics simulation results. [59] For Ti 50 Ni 44 Cu 5 Al 1 alloy, the combination of cold rolling and subsequent annealing is effective for improving the cyclic stability of superelasticity. [41] The hot-rolled alloy was first cold rolled with a thickness reduction of 50%; after that, the cold-rolled alloy was annealed at either 400 or 600 C for 5 min. The sample annealed at 400 C is characterized by a small transformation hysteresis (9 C) and stress hysteresis. More importantly, the superelasticity with a strain of 4.9% remained almost constant under a tensile stress of 500 MPa for up to 5000 cycles. Ti 49.2 Ni 50.8 alloy processed by the same procedure, in contrast, showed common degradation behavior characterized by the reduced critical stress to induce martensitic transformation and superelastic strain. The aforementioned comparison is well demonstrated by the stress-strain curves shown in Figure 5 . [41] This stable and large superelasticity was attributed to the successive B2↔B19↔B19 0 transformation, which improves the crystallographic compatibility, the nanometer grain size (40 nm), and residual martensite. [41] Other alloys separately showing B2↔B19 and B19↔B19 0 transformation do not show unprecedented stable transformation. This implies that the successive B2↔B19↔B19 0 transformation is possibly a prerequirement for improving crystallographic compatibility. Further understanding of the detailed role of successive transformation and a quantitative description of crystallographic compatibility may be helpful for developing high-performance alloys. The superelastic strain is much larger than that reported in Ti 54 Ni 34 Cu 12 alloy thin films, [14] which is beneficial for many engineering applications. alloy processed by cold rolling and annealing at 400 C for 5 min. The stress-controlled fatigue tests were conducted at %500 and %580 MPa, respectively. Reproduced with permission. [41] Copyright 2018, Elsevier.
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Phase Diagram
The phase diagram is of critical importance for tailoring the microstructure and functional properties of TiNiHf-based HTSMAs. However, only a few studies have been devoted to investigation of the Ti-Ni-Hf phase diagram. [60] [61] [62] Figure 6a shows the equilibrium Ti-Ni-Hf phase diagram at 900 C, which was determined by the diffusion-triple method. [60] The influence of Hf on the area of the existence of the TiNi intermetallic compound is focused on. Hf dissolves into the TiNi phase up to 35 at% at 900 C with decreasing homogeneity area by replacing Ti. The Ti 2 Ni and TiNi 3 phases are able to dissolve in themselves up to %63 and %16 at% of Hf, respectively. Figure 6b shows the TiNi-HfNi pseudobinary phase diagram. [61] The diagram shows an isomorphous reaction with a solidus/liquidus minimum of 1250 C at %30 at% Ti. Below this curve, a continuous series of solid solutions (B2 of CsCl type) exists between the HfNi and TiNi phases at high temperatures. The B2 phase transforms to a rhombic phase (CrB type) on the HfNi side. Semenova and Tret'yachenko [61] suggested a possible low-temperature transformation reaction of the peritectoid type, which is shown by the dashed line, for which no experimental evidence was given.
Crystal Structure of Martensite
Upon cooling, the parent phase may change into various kinds of martensite, depending on the composition and heat treatment. The well-accepted product is B19 0 martensite, which has a monoclinic structure and space group of P2 1 /m. [63, 64] For the monoclinic crystal structure, a is the shortest axis, b is the intermediate axis, and c is the longest axis. The monoclinic angle β is the angle between the a and c axes. Figure 7 summarizes the lattice parameters of B19 0 martensite as a function of Hf content in TiNiHf alloys. [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] The parameters a, c, and β increase and the parameter b decreases with increasing Hf content to up to 20 at%. When the Hf content is %25 at%, the crystal structure of martensite remains contradicted. Potapov et al. [67] and Sehitoglu et al. [78] investigated Ti 25.2 Ni 49.8 Hf 25 and Ti 25 Ni 50.3 Hf 24.7 alloys, respectively, and claimed that martensite has a monoclinic structure. However, Wang et al. [75] identified the martensite in Ti 25 Ni 50 Hf 25 alloy as a B19 orthorhombic structure with the following lattice parameters: a ¼ 0.302 nm, b ¼ 0.420 nm, and c ¼ 0.469 nm. The results reported by Patriarca et al. [81] also support the aforementioned suggestion. Figure 6 . a) Isothermal at 900 C [60] and b) TiNi-HfNi pseudobinary [61] sections of Ti-Ni-Hf system. Reproduced with permission. [60] Copyright 2017, Elsevier. Reproduced with permission. [61] Copyright 2001, Springer. www.advancedsciencenews.com www.aem-journal.com
Precipitation Behavior of TiNiHf-Based Alloys
Similar to the TiNi alloys, TiNiHf-based alloys are conventionally divided into Ni-lean and Ni-rich ones. In the Ni-lean alloys, a (Ti,Hf ) 2 Ni phase is always present. The volume fraction of this phase increases with increasing (Ti þ Hf ) content [82, 83] and interstitial impurities, especially oxygen. [83] Nevertheless, (Ti,Hf ) 2 Ni precipitates have also been observed in Ni-rich alloys. [84, 85] One possible reason for (Ti,Hf ) 2 Ni formation in Ni-rich alloys is the nonequilibrium crystallization conditions. In addition, it should be noted that Umale et al. [86] convincingly showed that the inclusion of HfO 2 instead of (Ti,Hf ) 2 Ni dominates in TiNiHf alloys with increasing Hf and Ni contents. Alloying of Ni-lean TiNiHf alloys leads to the formation of additional phases in the matrix. Several quaternary elements have been added to Ti 36 Ni 49 Hf 15 alloy, including Nb, [87] Ta, [88] Y, [89, 90] Ag, [79] Sn, [79] and Sc. [80] The alloying of Nb and Ta reduces the amount of the (Ti,Hf ) 2 Ni phase and forms Nb-rich and Ta-rich phases, respectively, because of their limited solubility in the TiNiHf matrix. [87, 88] The presence of such phases can lead to improving the cold workability of alloys. The solubility of Y in Ti 36 Ni 49 Hf 15 alloy is limited to 0.2 at%, resulting in the formation of a Y-rich phase distributed along the grain boundary. [89, 90] According to the energy-dispersive X-ray spectroscopy results, the Y-rich phase was suggested to be (Ti,Hf, Y) 2 Ni with Y content ranging from 28 to 32 at%. [89, 90] When Ag was added to Ti 36 Ni 49 Hf 15 alloy, pure Ag particles were present, in addition to the (Ti,Hf ) 2 Ni phase. [79] The alloying of Sn in Ti 36 Ni 49 Hf 15 alloy results in the formation of Ti 3 Sn and TiNi 2 Sn phases. [79] Among the quaternary elements, the effect of Sc is particular because not only a new Sc 2 O 3 phase was identified, but also the morphology and distribution of the (Ti,Hf ) 2 Ni phase were affected. [80] The chain-like (Ti,Hf ) 2 Ni phase changes to a spherical-like one in Ti 36Àx Ni 49 Hf 15 Sc x (x ¼ 0.5, 1, 2 at%) alloy. [80] These results indicate that the precipitate in Ni-lean TiNiHf alloys can be controlled by proper alloying of quaternary elements.
Ni-rich TiNiHf alloys with Ni contents slightly exceeding 50 at% decompose during aging at temperatures below 600-650 C; as a consequence, a new precipitate is present, named the "H-phase." [69, 91] The latest atomic structural model of the H-phase shows that this face-centered orthorhombic phase contains 192 atoms in the conventional unit cell. [91] Table 2 lists the important parameters of the H-phase in various Ni-rich TiNiHf alloys. Several important features of the H-phase can be seen. First, the chemical composition of the H-phase is not fixed; it is richer in Hf, poorer in Ti, and slightly richer in Ni than the nominal composition of alloys. Second, the lattice parameters are quite close, irrespective of the composition of the H-phase. Finally, the morphological evolution has the following sequence: spheroidal shape ! spindle-like one ! ellipsoidal one with increasing aging temperature or duration. [92] [93] [94] [95] [96] [97] In addition, Santamarta et al. [94] investigated the precipitation kinetics of the H-phase and concluded that increasing the Ni content or Hf content promotes growth of the H-phase. Recently, Prasher et al. [98] reported that Ni diffusion governs the growth of the H-phase, while the coarsening process is controlled by Hf diffusion. The activation energies for the growth and coarsening of the H-phase in Ti 29.7 Ni 50.3 Hf 20 alloy were estimated to be 196 and 233 kJ mol À1 , respectively. [98] This understanding of the precipitation kinetics of the H-phase indicates that the addition of quaternary elements affects the features of the precipitate. This has been confirmed by reported results in which Pd and Cu have been added to Ti 29.7 Ni 50.3 Hf 20 alloy at the expense of Ni, respectively. [99] [100] [101] The H-phase with a spindle-like shape was observed in Ti 29.3 Ni 45.3 Hf 20 Pd 5 alloy aged at 600 C for 3 h. [100] The size and the interparticle distance between particles are slightly larger than that of Ti 29.3 Ni 50.3 Hf 20 alloy aged under the same conditions. [93, 99] The addition of Cu leads to a significantly lower volume fraction of the H-phase compared with other Ni-rich TiNiHf-based alloys, which is not desired for strengthening the matrix. [101] The conventional cold deformation cannot be applied for Ni-rich TiNiHf alloys because of their brittleness, resulting in difficulty in tuning the precipitation behavior of the H-phase by thermomechanical treatments. It has been suggested that the HPT method and postdeformation annealing may be a possible way to achieve this. Another way is that developed by Wang et al. [25] for TiNi binary alloys (Section 2.1). Both these methods are expected to be effective for tailoring the distribution, morphology, and size of the H-phase.
Martensitic Transformation
Upon cooling, martensitic transformation of TiNiHf-based alloys occurs through two different paths: one is B2!B19 0 and the other is B2!R!B19 0 . R-phase transformation can be induced by aging of Ni-rich TiNiHf alloy [84, 102] or the alloying of quaternary elements, including alloying of Cu in Ti 36 Ni 49 Hf 15 alloy [103] and that of Zr in Ti 38 Ni 50 Hf 12 alloy. [104] The effect of aging on the transformation path of Ni-rich TiNiHf alloys remains controversial. Moshref-Javadi et al. [102] reported that three-stage martensitic transformation can be observed in Ti 34.7 Ni 50.3 Hf 15 alloy aged at 450 and 550 C for up to 72 h, which was attributed to the heterogeneously distributed precipitates. This is quite similar to the aging-induced multiple-stage transformation in Ni-rich TiNi alloys. [105] However, Karaca et al. [74] and Evirgen et al. [106] reported that only the B2↔B19 0 transformation occurs in Ti 29.7 Ni 50.3 Hf 20 alloy and Ti 34.7 Ni 50.3 Hf 15 alloy both aged at temperatures between 300 and 600 C for various durations. The inconsistent results may be related to the difference in the aging processes, for example, the aging atmosphere.
The TTs of TiNiHf alloys are very sensitive to the Hf and Ni contents, as shown in Figure 8 . [67, 73, 82, 86, [107] [108] [109] [110] [111] The effect of Hf content on the TTs can be divided into three regions: 1) TTs insignificantly increase with increasing Hf content up to 5%; 2) TTs moderately increase with increasing Hf content from 5 to 10 at%; and 3) TTs increase rapidly with increasing Hf content from 10 at%. When the Ni content exceeds 50 at%, TTs decrease at a rate of %250 C at% À1 . For solution-treated SMAs, the dependence of TTs on the chemical composition can be described by the valence electron mechanism. [73] Meng et al. [84, 85, 109] reported that for Ni-rich TiNiHf alloys, aging leads to a significant increase in TTs. Aging at 550 C for 2 h elevated the M s of Ti 29.6 Ni 50.4 Hf 20 alloy from 125 to 255 C. [85] Later, this elevation of the TT was ascribed to precipitation of the H-phase. [74, 95] Further study showed that the dependence of M s on aging conditions is related to competition between a "mechanical effect" and "compositional effect." [106] It was reported that the M s of Ti 34.7 Ni 50.3 Hf 15 alloy decreases when aging at a temperature below 550 C for a short duration. [106] This can be explained by the "mechanical effect," i.e., the constraint to martensitic transformation caused by the limited interparticle spacing. With increasing aging temperature or duration, M s increases because of the "compositional effect," i.e., the depletion of Ni content in the matrix resulting from the presence of a large volume fraction of the H-phase. Figure 9 shows the effect of alloying elements on the M s of TiNiHf-based alloys. [79, [87] [88] [89] [90] 98, 101, 103, 104, [112] [113] [114] [115] [116] [117] [118] www.advancedsciencenews.com www.aem-journal.com alloys, [112] which is the largest value among the reported results. In contrast, the alloying of Y has an insignificant effect on the TT (%1-1.5 C at% À1 ). [89, 90] The alloying of Zr plays a different role, which elevates the TT. For example, the A s of Ti 38Àx Ni 50 Hf 12 Zr x alloys increases from 110 to 560 C with the Zr content increasing from 0 to 15 at%. [104] The effect of Zr on the TT of TiNiHfZr alloys can be divided into two stages: 1) the TT increases at a rate of %6-7 C at% À1 with increasing Zr content up to 7.5 at%; 2) when the Zr content increases to greater than 7.5 at%, the increasing rate changes to %50 C at% À1 . [104] As mentioned in Section 2, the cyclic stability of martensitic transformation is a major concern for SMA actuators. For Ni-lean TiNiHf alloys, the equal channel angular extrusion (ECAE) method has been employed to enhance the cyclic stability. After cycling three times, the M s changes in solutiontreated and as-ECAE-processed Ti 42.2 Ni 49.8 Hf 8 alloy were 17 and 3 C, respectively. [21] Another alternative suitable for a Ni-lean alloy is the alloying of quaternary elements. In this regard, the proper addition of Sc was experimentally confirmed to be effective. [80] However, the alloying of other elements, including Y [90] and Al, [112] exhibited negative results. For Ni-rich TiNiHf alloys, the most effective method to improve the cyclic stability is H-phase precipitation caused by aging, which can simultaneously strengthen the matrix and improve crystallographic compatibility to some extent. [119] This was supported by the results reported for Ti 29.7 Ni 50.3 Hf 20 [74] and Ti 29.4 Ni 50.6 Hf 20 [109] alloys. The effect of nano grain size on the transformation hysteresis remains unknown. Our primary results show that the critical grain size to totally suppress thermally induced martensitic transformation in Ni-rich TiNiHf alloys is much larger than that of a TiNi alloy because the former usually require a larger driving force to initiate the transformation. This may mean that it is difficult to optimize the crystallographic compatibility through grain refinement.
Shape Memory Properties of TiNiHf-Based Alloys
Several deformation methods, including compression, bending, and tension tests, have been widely utilized to characterize the shape recovery properties of TiNiHf-based alloys. Before presenting recent results, we should keep in mind that the results from different loading methods cannot be directly compared because of the different stress states. The results reported by Bigelow et al. [96] showed an example to experimentally illustrate the tension-compression asymmetry of TiNiHf alloys. For Ti 29.7 Ni 50.3 Hf 20 alloy aged at 550 C for 3 h, the transformation strain was 1.68% in tension and 0.71% in compression during thermal cycling at 100 MPa. [96] Further study indicates that this asymmetry results from martensite ordering, the unidirectional nature of the habit plane, and the number of corresponding variant pairs activated during transformation. [120] From a physical metallurgical point of view, the shape recovery properties of SMAs can be optimized by increasing the critical stress for slip. Several strengthening methods have been demonstrated to be suitable for TiNiHf-based alloys, including precipitation strengthening, [74, 92, 96, 121] solid-solution strengthening using quaternary elements, [99, 104] grain refinement, [21] and work hardening. [122] 
Effect of Aging on Shape Memory Properties
Precipitation of the H-phase may affect the shape recovery properties of Ni-rich TiNiHf alloys in the following ways: www.advancedsciencenews.com www.aem-journal.com 1) strengthening effect, 2) promoting formation of martensite under certain conditions, and 3) reducing the volume fraction of materials taking part in phase transformation and exerting a constraint on the growth of martensite. This complicated effect results from the features of the H-phase, i.e., the size, morphology and interface with the matrix. Typically, the first way is applicable for alloys with fine and coherent precipitates and demonstrated by the reduced irrecoverable strain. It has been reported that the solution-treated Ti 34.7 Ni 50.3 Hf 15 alloy first shows a measurable and irrecoverable strain during thermal cycling under a stress of 150 MPa, while for the alloys aged under various conditions (450 C for 10 h, 550 C for 3 h, and 550 C for 10 h), no irrecoverable strain was observed, even at 300 MPa. [106] The second way is suggested by results reported by Karaca et al., [74] in which as compared with that of the as-extruded counterpart, the transformation strain of Ti 29.7 Ni 50.3 Hf 20 alloy aged at 550 C for 3 h increased from 2.1% to 3.6 % under a compressive stress of 300 MPa, and no irrecoverable strain was observed. This was attributed to the H-phase with a size of %20 nm, which leads to the appearance of large, preferred, and internally twinless martensitic variants. [74] In contrast, the transformation strain of the same aged alloy is less than that of the as-extruded one during thermal cycling under a tensile stress ranging from 100 to 600 MPa. [120] The authors claim that this is partially due to precipitation of the H-phase, which reduces the volume fraction of materials taking part in phase transformation. [120] 
Effect of Composition on Shape Memory Properties
Saghaian et al. [123] explored the influence of Ni content on the shape recovery properties in Ni-rich Ti 30Àx Ni 50þx Hf 20 (x ¼ 0.3, 0.7, 1.2, 2.0 at%) alloys. These alloys were furnace cooled after homogenization treatment at 1000 C. The recoverable strain decreased and the strength increased notably with increasing Ni content. This was ascribed to the increase in volume fraction of the nontransformable H-phase as a result of the increase in Ni content. It is quite interesting to note that Ti 28 Ni 52 Hf 20 alloy exhibited a recoverable strain of 0.9% during thermal cycling under a stress of 2000 MPa, [123] which is possibly the largest value of stress-carrying capacity in TiNi-based alloys. The alloying of Pd and Cu influences the shape recovery properties through the precipitation behavior of the H-phase. The shape recovery property of Ti 29.7 Ni 45.3 Hf 20 Pd 5 alloy is comparable to that of Ti 29.7 Ni 50.3 Hf 20 alloy. For the sample aged at 400 C for 3 h, a transformation strain of 3.3% was obtained during thermal cycling under a compressive load of 1000 MPa, but the M s was reduced to below 100 C. [99] However, the shape recovery properties of Ti 29.7 Ni 45.3 Hf 20 Cu 5 alloy were inferior to that of Ti 29.7 Ni 50.3 Hf 20 alloy as a result of the low volume fraction of the H-phase. [101] For Ni-lean TiNiHf alloys, the alloying of quaternary elements such as Y and Nb influences the shape recovery properties through formation of a second phase and solid-solution strengthening. After 2 at.% Y was added to Ti 36 Ni 49 Hf 15 alloy, the shape memory strain increased from 0.75% to 1.8% under an applied strain of 8% as a result of the grain refinement by the second phase and the solid-solution strengthening. [90] The addition of Nb improves the shape recovery ratio of Ti 35.5 Ni 49.5 Hf 15 alloy during thermal cycling under a stress larger than 300 MPa, resulting from the fine lamellar microstructure. [87] 
Effect of Thermomechanical Treatment on Shape Memory Properties
Work hardening is a feasible solution for increasing the critical stress required for slipping and thus improving the shape recovery properties of TiNiHf alloys. Ni-rich TiNiHf alloys are too brittle to be plastically deformed. The first attempt to plastically deform a Ni-lean TiNiHf alloy was made by Kockar et al., [21] in which ECAE was employed to process Ti 42.2 Ni 49.8 Hf 8 alloy at 650 C. The stable transformation, characterized by large transformation strain and small irrecoverable strain, was obtained as a result of grain refinement and work hardening. More recently, a hot extruded Ti 35 Ni 50 Hf 15 alloy bar was successfully drawn into 0.75 mm wire with intermediate annealing at 700 C. [124] Afterward, the effect of thermomechanical treatment through cold and warm rolling, followed by post-annealing, on the shape recovery properties of the Ti 30 Ni 50 Hf 20 alloy was systematically investigated. [122] The results showed that cold rolling without intermediate annealing could produce the maximum possible thickness reduction, of %15%, before surface cracks were visible. The optimum post-annealing condition was determined to be 550 C for 30 min. Ti 30 Ni 50 Hf 20 alloy processed by this method exhibited a comparable recovery strain (2.7% under 400 MPa) to that of the hot extruded sample (2.92%) and much lower irrecoverable strain. The cold-rolled and annealed sample also demonstrated stable transformation under constant stress. These studies indicate that cold working is a potential method to enhance the functional properties of slightly Ni-lean TiNiHf alloys.
Effect of Orientation on Shape Memory Properties
The shape recovery properties of TiNiHf alloys are highly dependent on the orientation. Karaca et al. [125] first reported that 3% transformation strain during thermal cycling under a compressive stress of 1000 MPa and perfect superelasticity at 200 C were revealed in an as-grown Ti 29.7 Ni 50.3 Hf 20 single crystal along the [111] orientation. Stebner et al. [126] investigated the transformation strain of Ti 29.7 Ni 50.3 Hf 20 single crystals with various loading directions. The results showed a transformation strain of 1% was observed in the [001] crystal, which remained nearly stable with increasing compressive stress from 200 to 1500 MPa. [126] This was ascribed to the H-phase precipitates resulting from growth using the Bridgman technique. Saghaian et al. [127] further reported that as compared with [011]-and [111]-oriented single crystals, a [001]-oriented sample exhibited much smaller, but very stable, transformation strain under a compressive stress of up to 1500 MPa. Aging at 550 C for 3 h could reduce the transformation hysteresis and irrecoverable strain as a result of the strengthening of the coherent and fine H-phase. [127] Wu et al. [77] observed abnormal transformation strain exceeding 20% during tension along the [111] orientation for singlecrystalline Ti 36.2 Ni 50.5 Hf 13.3 . The ultrahigh transformation strain was determined by the digital image correlation (DIC) technique, which was developed to measure the local strain at small scale. [77] Figure 10 shows the strain-temperature curve of singlecrystalline Ti 36.2 Ni 50.5 Hf 13.3 under a tensile stress of 500 MPa applied along the [111] direction, in which the dashed line represents the local response (rectangle region) and the solid line is the overall response. [77] The local transformation strain (17.5%) is much larger than the overall strain (11.8%). The maximum transformation strain was determined to be 21.5%, [77] which is even much larger than the value predicated by lattice deformation. According to Wu et al., [77] mechanical twinning is plausibly suggested to contribute to this superior property. Using the DIC technique, Ti 25 Ni 50.3 Hf 24.7 alloy with an A f above 420 C showed a nearly 10% transformation strain in tension. [78] 3.6. Superelasticity of TiNiHf-Based Alloys Figure 11 summarizes the superelastic temperature window and recoverable strain under compression of differently treated Ni-rich TiNiHf alloys. [74, 99, [127] [128] [129] [130] Ni-lean TiNiHf alloys do not show any superelastic behavior because of the low critical stress required for slipping. The superelastic window refers to the temperature range in which perfect superelasticity is demonstrated. Because the transformation strain caused by stress-induced martensitic transformation is absent in most reported results, the recoverable strain is provided, which consists of the elastic deformation strain and transformation strain. The general observations concerning the superelastic behavior of Ni-rich TiNiHf alloys are as follows: 1) single-crystalline alloys show overall larger recoverable strain than polycrystalline alloys; [125, 127] 2) the alloying of Pd increases the recoverable strain; [99] and 3) these alloys exhibit perfect superelasticity over a wide temperature range, depending on the composition and aging treatment. For example, Ti 29.7 Ni 45.3 Hf 20 Pd 5 alloy aged at 550 C for 3 h showed a recoverable strain of 4% from 50 to 130 C. [99] In addition, the stress-loading capacity of Ni-rich TiNiHf alloys is much larger than that of TiNi alloys. After aging at 450 or 550 C for 3 h, Ti 28.8 Ni 51.2 Hf 20 alloy fully recovered under a load of nearly 2 GPa at both low and high temperatures. [131] The combination of these superior functionalities may open up new application possibilities.
TiNiHf Composites by In Situ Reaction
Very recently, an in situ reaction has been used to fabricate TiNiHf composites with superior properties. Yi et al. [132] first prepared (Ti,Hf ) 2 Ni/TiNiHf composites by spark plasma sintering and found that the combined strengthening effect of large (Ti,Hf ) 2 Ni particles with a network structure and fine (Ti,Hf ) 2 Ni particles distributed in the grain interior is effective for improving the shape recovery properties. Then, the same group introduced TiB 2 into Ti 36 Ni 49 Hf 15 alloy and obtained a fully recoverable strain of 6% when the TiB 2 content was 1.0 wt%. [133] B 4 C particles were also added to Ti 36 Ni 49 Hf 15 alloy. [134] During hot-pressed sintering, B 4 C particles react with Ti and Hf, leading to the presence of a noncontinuous network formed by TiB whiskers and HfC particles in the matrix. Numerous nanosized H-particles presented during slow cooling from the sintering temperature (1100 C) are homogeneously distributed in the matrix, resulting from the Ni-rich composition of the matrix. The combination of the network and H-phase results in a large recovery strain of 9.5%, consisting of 6% elastic strain and 3.5% transformation strain. [134] However, the TTs are far below 100 C, indicating that this composite cannot be applied for high-temperature applications. In this regard, post-aging treatment is expected to be a suitable method to elevate the TT and strengthen the matrix. Nevertheless, these results indicate that the fabrication of composites may shed some light on the optimization of TiNiHf alloys. Figure 10 . Strain-temperature curves of Ti 36.2 Ni 50.5 Hf 13.3 single crystal measured along [111] direction. The solid line corresponds to the overall response and the dashed line to the local one. Reproduced with permission. [77] Copyright 2016, Elsevier. www.advancedsciencenews.com www.aem-journal.com
Conclusions
From the present review of TiNi-based SMAs, it is clear that significant progress has been achieved in the directions of ultralow functional fatigue and high-temperature shape recovery. The crystallographic compatibility between the martensite and parent phases that is quantitatively evaluated by cofactor conditions is regarded as the key factor determining transformation hysteresis and functional fatigue. In this regard, the compositional tuning and the introduction of intermediate transformation show their effectiveness in enhancing crystallographic compatibility. The relationship between the microstructure and functional properties of alloys that are free of functional fatigue has been preliminarily established. For TiNi-based HTSMAs, comprehensive investigation of Ni-rich TiNiHf alloys has demonstrated their advantages over Ni-poor ones. Several physical metallurgical methods have been used to optimize the functional properties, including aging, alloying of quaternary elements, and cold/warm working. The results show that Ni-rich TiNiHf alloys are potential candidates for high-temperature applications. However, there are some remaining challenges toward practical applications that should be addressed. For TiNi-based alloys with slim hysteresis and stable functional properties, microstructural factors, such as precipitates and grain size, are of crucial importance to optimize the functional properties. These factors influence even the crystallographic compatibility. The interconnection of crystallographic compatibility, precipitate and grain size, and its effect on hysteresis and functional fatigue remains unknown.
Certain engineering applications require bulk materials. [14] However, most alloys with stable functional properties cannot meet such requirements because of the poor workability or high cost. Among the reported alloys, Ti 50 Ni 44 Cu 5 Al 1 and (Ti 54 Ni 34 Cu 12 ) 90 Nb 10 alloys are promising. For engineering applications, it is necessary to evaluate some key properties, such as cold/hot workability and weldability.
The theoretical calculations and precision measurement of local deformation using the DIC technique showed that singlecrystalline TiNiHf has a much larger shape recovery strain than that of the polycrystalline alloy. [77] This indicates that the shape recovery properties of TiNiHf polycrystals can be further improved by optimizing the orientation of grains. TiNiHf alloys have been successfully processed by warm rolling and extrusion, [122] which provides the opportunity to realize the optimization of functional properties. The directional solidification of TiNiHf alloys may be another choice for optimizing the shape recovery properties. The physical mechanism behind the low reversible strain in TiNiHf polycrystals is still unclear. This may result from the low interface mobility or partial suppression of the thermoelastic nature caused by lattice distortion. Further investigation using highly sensitive methods, such as in situ X-ray/neutron diffraction, is necessary to establish the characteristics of the martensitic transformation in TiNiHf alloys.
Another possible method to enhance the functional properties of TiNiHf alloys is to increase their yield strength. Precipitation strengthening is commonly used to improve the strain recovery response and cyclic stability. However, this approach is only applicable for Ni-rich alloys. Other strengthening mechanisms have been considered in less detail because of the low workability of TiNiHf alloys. Thus, the most effective strategy to achieve the theoretically calculated properties has not yet been determined. In this regard, a combination of strengthening mechanisms (e.g., precipitate hardening and grain refinement) is a feasible way.
The TT of TiNiHf alloys can reach up to %300 C. Longduration operation at such a high temperature may change the microstructure, including grain coarsening and precipitation of the secondary phase, which can change the functional properties. For example, long-duration thermal cycling may introduce numerous dislocations, which may reduce the precipitation temperature and accelerate precipitation of the H-phase. However, relevant investigations of this critical problem are absent. Evaluation of the microstructural stability and functional properties may accelerate practical applications.
